When Lactobacillus planfarum ATCC 8014 was maintained in LCM broth (which consists of buffered tryptone and is sufficient to support the growth of some species of Lactobacillus) for long periods (1120 d), viable bacteria persisted. Rifampicin-, streptomycin-and sodium-fusidate-resistant mutants were recovered from parallel LCM broth cultures following a stochastic pattern. Individual cultures appeared to yield mutants intermittently. One culture in particular yielded rifampicin-resistant colonies at a frequency of 1 in I00 viable bacteria after 20 d incubation and these persisted until the experiment was terminated a t 115 d. In a separate experiment two parallel cultures yielded mutants resistant to low concentrations of streptomycin a t a similar frequency. Using a chemostat it was shown that in continuous culture in LCM at slow growth rates the highest frequency of recovery of antibiotic-resistant mutants was achieved when the bacteria exhibited doubling times of 90 h or greater. The frequency of recovery of mutants was as high as 1 in 1000 viable bacteria. Thus, mutations to antibiotic resistance in L. plantarum ATCC 8014 can take place in the absence of measurable cell division. The data are consistent with the notion that populations of starved bacteria in stationary phase can be genetically dynamic.
INTRODUCTION
would be expected to persist into stationary phase.
Sharp et al. (1992) showed that lactic acid bacteria, The bacterium Lactobacillus plantarum has been of including L. plantarum, persisted for >30 d in labrecent interest for genetic improvement due to its oratory scale mini-silos containing grass, and Stamer potential commercial applications and its GRAS (Gen-(1975) reported little decline in culture viability after erally Regarded As Safe) status (Mercenier et al., 1994) . 16 d during the fermentation of cabbage juice.
Aymerich et al., 1993) and are therefore amenable to plantarum maintained under such conditions. However Ahrne & Molin (1991) have shown that in a laboratory genetic manipulation. However, the fate of recombinant molecules in strains of bacteria designed for release into medium, raffinose-fermenting mutants of strain ATCC the environment, particularly the food chain, has been 8014 appeared in 5-d-old cultures and Thompson & of some public concern (Teuber, 1992; Scholten et al., Collins (unpublished data) recovered tryptophan and methionine prototrophs of these naturally auxotrophic 1991).
Fermentations using L. plantarum involve culturing the bacteria following 8 d incubation in stationary phase. It organism for long periods in environments (such as has been shown that in lactococci starvation leads to pickled vegetables or ensiled grass) where the cells degradation of proteins (Kunji et al., 1993) . 
1941
Many strains are (Aukrust & B1om, 1992;  Little is known about the genetics and physiology of L.
ceases and different ones are synthesized [ (Groat et al., 1986; Zambrano & Kolter, 1995) . This may be controlled by a novel 0 factor which affects gene expression. Starved bacteria also suffer a rapid dissipation of proton motive force and may rely on phosphoenolpyruvate as a source of energy (Konings & Veldkamp, 1983) . Koch (1971) observed the presence of abundani: amounts of RNA polymerase in starved bacteria, which supported the notion that the bacteria were ready to synthesize proteins should nutrients become available. It may be postulated, therefore, that starved bacteria are physiologically moribund, possibly in a state of dormancy, but ready to recover rapidly in the presence of luxury levels of nutrients.
In the absence of an essential amino acid or a fermen- Antibiotics. Streptomycin sulphate (Evans Medical) was prepared as an aqueous stock solution at 250 mg ml-' and incorporated into growth media at concentrations of 200 or 500 pg ml-'. Rifampicin (Sigma) was prepared as a stock solution of 20 mg ml-l in dimethylsulphoxide (Sigma) and used at a final concentration of 20 pg ml-'. Sodium fusidate (Leo Laboratories) was prepared as a filter-sterilized, aqueous stock solution at 50 mg ml-' and used at a concentration of 100 pg ml-'. Frozen stock solutions were prepared at the start of an experiment and individual aliquots of the antibiotic were thawed for use at each sampling.
Characterization of mutants. Putative mutants were confirmed by re-streaking onto antibiotic-containing agar. Colonies were confirmed as being Gram-positive, catalase-negative rods.
Representative clones were characterized as being L. plantarum ATCC 8014 derivatives on the basis of their sensitivity to bacteriophage B1, their carbohydrate fermentation profile using API CH50 galleries, and in some instances RAPD (Random Amplified Polymorphic DNA) analysis using primers opl-01 5' GGC ATG AAC T 3' and opl-04 5' GAC T G C ACA C 3' (Operon Laboratories) and plasmid profile using the method of Anderson & McKay (1983) . Accumulation of antibiotic-resistant mutants during growth in LCM broth during stationary phase. A culture of L. plantarum ATCC 8014 growing in LCM was diluted 10000-fold into fresh medium and divided into 10 ml aliquots in screw-capped, plastic tubes. Incubation was continued at 37 "C without agitation. At intervals the contents of the tubes were mixed by gentle inversion and viable counts determined by spread-plating dilutions from at least two cultures onto MRS agar. In addition, aliquots (0.1 ml) were removed from all tubes and transferred to the wells of rectangular, sectioned Petri dishes. Molten MRS agar (approximately 2 ml) containing the selective antibiotics was added to the wells and the plates were agitated to disperse the bacterial suspension. Colonies which arose in the wells were counted after precisely 3 d incubation at 37 "C. Longer incubation sometimes yielded colonies which could not be confirmed as being antibioticresistant (data not shown). Growth of bacteria in continuous culture. LCM broth was prepared in 20 litre volumes by filter sterilization and added to polypropylene reservoirs which had been autoclaved empty for 90 min at 121 "C. The reservoirs were wrapped in aluminium foil to avoid any potential light-induced modification of the medium during the prolonged period of operation. A fermenter containing LCM broth (2 1) was autoclaved (120 min at 121 "C) and the p H of the medium was adjusted automatically to 4.7 prior to inoculation. The incubation temperature was nominally 37 "C and agitation was at 400 r.p.m. under a blanket of 5-7% CO, in nitrogen flowing at 1.0-1.5 1 min-'. Gaseous sparging of the medium was not required. The p H was monitored during the fermentation and fluctuated between 4.6 and 5-0. Dilution rates of 0.0008 to 0-1 vol. h-l were intended to give doubling times (t,) ranging from 18 h to 2440 h. The low flow rates required were achieved with a 240 V AC pulse timer (Watson Marlow) repeatedly switching on and off a peristaltic pump (model 101U; Watson Marlow) fitted with 1.5 mm internal diameter silicone rubber tubing (Watson Marlow). Medium flow rates were calibrated using a 10 ml burette attached to the feed line.
RESULTS

Survival of L. plantarum ATCC 8014 in broth culture
When L. plantarum ATCC 8014 was incubated in LCM broth the viable count reached 2-3 x lo8 c.f.u. ml-l after overnight incubation followed by a decline of up to 1000-fold over the ensuing 20 d (data not shown).
Subsequently, the number of c.f.u. from the cultures remained essentially constant up to 120 d. The number of c.f.u. recovered was the same whether survival was determined on MRS agar or on LCM broth solidified with agar, although variation in colony size was apparent when senescent cultures were enumerated on the former.
L. plantarum antibiotic-resistant mutants incubation. An overnight bacterial culture in LCM broth was diluted 10000-fold in fresh medium and divided into twenty-five 10 ml aliquots. Sub-samples (100 pl) were removed a t intervals for the determination of the presence of mutants resistant to (a) rifampicin a t 20 pg ml-l, (b) sodium fusidate a t 100 pg ml-l, (c) streptomycin a t 200 pg ml-' and 
Distribution of antibiotic-resistant mutants during stationary-phase LCM broth cultures
The occurrence of mutants resistant to the antibiotics varied between parallel cultures as shown in Fig the colonies were larger and smoother than those produced by the wild-type (Rip) bacteria. Large, smooth individual clones were single mutants resistant to one selective antibiotic only. colonies were also visible on the MRS plates used to determine the total viable count. These were picked and confirmed as being themselves RifR. This change in colony morphology appeared to be associated with the RifR phenotype. Different parallel cultures yielded low numbers ( < 10) of mutant colonies from time to time, in p,irticular after 87 d (Fig. l a ) . None of: the mutant colonies examined showed resistance to either of the other two antibiotics being tested.
The frequency of recovery of Fus" clones was much lower ( Fig. l b ) ; between zero and 41 colonies were recovered per aliquot tested after 1 d. However, 1 of a total of 73 parallel cultures showed a ' burst' of mutants after 6 d and a different culture showed a 'burst' of mutants after 20 d although these did not persist. The culture yielding the second 'burst' of FusR mutants also contained StrR (but not RifR) mutants, but these Streptomycin resistance was determined for bacteria subjected to two concentrations of the antibiotic in two separate experiments (Fig. lc, d ) The data shown in Fig.  1 were verified in two additional experiments (data not shown). At a streptomycin concentration of 200 pg ml-l (Fig. lc) there was again, after 13 d, a stochastic pattern for the distribution of mutants. Two individual cultures yielded in excess of 100 StrR colonies per 100 pl aliquot of culture. Such data would suggest that a mutant resistant to a low concentration of streptomycin appeared in a population in excess of 1 in lo3 surviving bacteria. The colonies recovered from these two cultures were not, however, fully sensitive to bacteriophage B1; plaques were visible but lysis was not complete when a high titre bacteriophage suspension was spotted onto a lawn of bacteria. In addition, the plasmid profiles of these mutants differed from each other and from that of the wild-type (data not shown). Further attempts were therefore made to characterize these mutants. The API CH5O pattern was consistent with the bacteria being L. plantarum. The Str" mutants from the 'jackpot' tubes were indistinguishable from one another but a single difference between the StrR mutants and the wild-type strain was evident. The mutants had gained the ability to hydrolyse a-methyl-D-glucoside. RAPD analysis of a series of clones indicated that there were differences and similarities between 'jackpot' StrR clones and other mutants, although differences in banding patterns beresults: 16 colonies at day 13, nil at day 20, 1 at day 27, 20 at day 38,15 at day 4 9 , 3 at day 59, nil at day 73 and 1 at day 87.
The overall frequency of recovery of mutants was much lower when the higher concentration of streptomycin was used for selection of mutants (Fig. l d ) Examination of the data for individual cultures from the experiment depicted in Fig. l ( c ) indicated that the numbers of mutants recovered which were resistant to the lower concentration of streptomycin could fluctuate. For example, culture number 49 gave the following
Distribution of mutations following growth in continuous culture in LCM broth
The growth and recovery of Rif" mutants from L. plantarum ATCC 8014 growing in continuous culture in LCM broth at decreasing slow growth rates is shown in Fig. 2(a-d) and the frequency of mutants per survivor in Fig. 3 . At a dilution rate of 0.1 vol. h-l ( t , 18 h) the mean viable count was 1 6 x lo8 c.f.u. ml-'. 'The absolute numbers of mutants recovered ranged morle than sixfold from 160 to 1000 per ml of culture over the period of the experiment at this growth rate. Immediately after iniposition of a step-down in dilution rate to a t, of 90 h there was a fourfold increase in the absolute number of mutants recovered to 4 x lo3 ml-'. The viable count fell tenfold but then stabilized at 1.1 x 10;' c.f.u. ml-l whereas the mean absolute mutant count rose significantly ( P = 0.975) compared to t, of 18 h. The combined effect of the change in these two parameters was to increase the number of mutants per survivor which peaked at 7 x lop4 Rif" mutants per c.f.u. (Fig. 3a) . As the growth rate was reduced to a t , of 485 h both the number of mutant colonies (Fig. 2c ) and the frequency of recovery of mutants (Fig. 3a) declined. At the slowest growth rate (tD 2400 h) the viable count did not stabilize and the appearance of mutants was somewhat sporadic (Fig. 2d ). For example, no RifR mutants were recovered initially but were then recovered at all but one of the subsequent samplings until the experiment was terminated.
D'ita similar to those obtained for the recovery of RifR mutants (Figs 2,3a) were obtained for Fus" and StrR (at high and low antibiotic concentrations) mutants ; the calculated mutation frequencies (mutants per survivor) are plotted in Fig. 3(b-d) . This contrasts with the situation in MRS broth where few bacteria remain viable after 6 d incubation at 37 "C (unpublished data) probably due to rapid acidification of the medium (Sinha, 1992) . At slow growth rates in continuous culture in LCM there was a significant (P>O-99) step-down in viable count when the growth rate was reduced from a t , of 14 h to 465 h. At the slowest growth rate there was variation between successive viable count determinations in continuous culture which resembled the situation in the parallel static cultures after 20 d. We also noted that at the slowest growth rates, acridine orange stained the bacterial cells green (data not shown) suggesting that they were in a ' non-active' metabolic state (Kroll, 1995) . The fact that some bacteria from moribund LCM cultures formed minute colonies when recovery was on MRS agar is consistent with the acquisition of a deleterious mutation, such as a suppressor mutation (Prival & Cebula, 1992) . The persistence of viable bacteria, and the fluctuation in the viable count during starvation conditions, suggest that there is potential for dynamism in the static population.
Distribution of mutants of bacteria grown to stationary phase
The mutation rates for resistance to the antibiotics for I,. plantarum growing exponentially in MRS broth at 37 "C have been estimated to be 3 x lo-' per cell per generation for rifampicin resistance, 7 x lo-* per cell per generation for sodium fusidate resistance and 6 x lop6 and 2.5 x lo-' per cell per generation for the lower and higher concentrations of streptomycin, respectively (data not shown). In parallel cultures the initial decline in the frequency of mutant recovery reflected the decrease in the numbers of viable bacteria in the culture over the initial period. The subsequent recovery of antibioticresistant mutants of L. plantarum ATCC 8014 from the parallel cultures in stationary phase appeared to exhibit a stochastic pattern. The fact that in static cultures, or continuous cultures at very slow growth rates, mutants could apparently appear, disappear and reappear could possibly have a trivial explanation. For example, viable, pre-existing mutants may be present in some parallel cultures at the threshold level for their detection and therefore the probability of recovery of mutants between successive samplings could reflect this statistical variation. The vagaries associated with the mixing of sedimented cultures in static tubes during succesive samplings could exaggerate such an effect. This explanation, however, cannot account for either the appearance of 'jackpot' tubes or the fluctuations in the frequency of recovery of mutant clones from chemostatgrown cultures. T o account for these observations an alternative, genetic explanation has to be sought. It is important in the interpretation of these data to consider the conditions under which selection was made. The genetic bases for the resistance to the antibiotics used are not known in lactobacilli but they are likely to be analogous to mutations described in E . coli.
Rifampicin acts on DNA-dependent RNA polymerase and mutants have an altered enzyme (for a review see Lester, 1972) . Sodium fusidate acts on the elongation factors involved in protein synthesis, preventing translocation, rather than on the ribosome itself (Tai & Davis, 1985) ; mutants have an altered elongation factor. Streptomycin binds to the 30s ribosomal S12 sub-unit and mutations to streptomycin resistance have alterations in this sub-unit. Preliminary experiments (data not shown) had indicated that the activities of the antibiotics were essentially bacteriostatic during the selection period, which is consistent with their known modes of action in E. coli. During selection for antibiotic resistance in the present investigation, the starved cells were challenged simultaneously with both luxury levels of nutrients and an antibiotic, and had to immediately confront the contrasting effects of both. By plating the bacteria onto a rich selective agar containing an antibiotic the bacteria have the minimum time to repair any unedited DNA alterations (which might, however, endow the cell with a selective advantage) and are immediately challenged with a concentration of antibiotic which will prevent colony formation and ultimately prove lethal. Thus, any cells which are (a) physiologically moribund but viable and with unfixed DNA alterations or (b) adapted to long-term survival,
will have an opportunity to establish any suitable base changes as mutations. In contrast, when selection is on LCM agar as opposed to MRS agar, antibiotic-resistant mutants were rarely recovered. This is consistent with minimal holding recovery, that is, the ability of bacteria to repair (potentially) deleterious lesions when preincubated on nutritionally poor media rather than rich media. We speculate that for selection of mutants on MRS agar, the lesions which generate mutations almost certainly exist in the population at the time of sampling and are not plate mutants arising during the selection process (i.e. there is no phenotypic lag), but are repairable under suitable conditions.
The data from stationary-phase cultures used in the present investigation suggest that in the order of 1 x of the viable bacteria in a population could be antibioticresistant mutants. Curragh & Collins (1992) al., 1977) . The high frequency for reversion of a raffinose-fermentation lesion reported by Arhne & Molin (1991) in which one raffinose-fermenting mutant would be expected per lo5 cells plated, and the fact that these were recovered after 5 d incubation, would be consistent with the mutation having taken place during stationary phase and possibly in the absence of cell division. We also observed that the proportion of colonies which fermented raffinose rose progressively from 0 5 % to 83% of c.f.u. recovered when the stationary phase (tD 2400 h) culture of chemostatcultured bacteria was plated onto LCM agar containing raffinose and a p H indicator (data not shown). Yellow papillae (raffinose-fermenting sub-populations) could also be seen to emerge from white (raffinose-negative) colonies. We have also found that tryptophan prototrophs of the wild-type (Trp-) bacteria can be recovered following > 8 d incubation in medium lacking the amino acid (data not shown), an observation which supports the notion that a degenerate pathway can be opened up during a period of stress (Morishita et al., 1981) . The heterogeneity of traits such as bacteriophage resistance, proteolysis, mannose and fructose fermentation observed in the commercially important species L. helveticus is, perhaps, also consistent with high spontaneous chromosomal mutation rates, since plasmid DNA was not involved (Reinheimer et al., 1995) . We would argue that the mechanism(s) responsible for opening (and closing) these pathways will also be involved in generating antibiotic-resistant mutants.
Possible mechanisms for the emergence of mutations
Mutation rates are generally determined in units of cell generations (replication equivalents hour. This could be interpreted as generation-independent (Foster, 1995) . The target sites for the antibiotic resistances used in our experiments represent key functions for the bacteria. The genes would be expected to be continually transcribed and it is known that derepressed genes are vulnerable to mutagenic forces (Smith, 1992) . Could they then be vulnerable to a mutagenic enzyme produced during a ' hypermutable phase' (Hall, 1990) ? Alternatively, could bacteria, from time to time, undergo a mutation resulting in a fitter variant which permits either enhanced starvation or survival several cell divisions before the cells once again stop replicating due to nutrient limitation (Lenski, 1995) ? Such bacteria could be a source of mutations occurring at the time of selection. Persistence of fitter variants may offer the bacteria opportunities for adapting to their surroundings by, for example, errorprone DNA repair or repeated transcription (Stahl, 1988) . Postgate (1989) has pointed out that many of the cells in bacterial cultures although ' operationally dead ' are metabolically active and maintain their energy pool. Certainly, 'jackpot' tubes did not show an increase in mutant numbers until 20 d in LCM broth at which time any mutants, if not emerging from fitter variants, could be considered to be replication independent (Hall, 1990) .
Mutational events are the product of all mutagenic and antimutagenic forces (Smith, 1992) but starvation is not, of itself, believed to be mutagenic (Foster, 1992) . Although starvation can trigger transposition it is unlikely that such events are directly involved in the mutations described here. Smith (1992) has warned of the difficulties in interpreting data against a background of potential variables such as ambient lighting, type and composition of growth medium, the assay, the genetic background, temperature effects, pH, oxygen tension and plating densities. All such factors are difficult to control over a period of time but some variability can be reduced by the use of the chemostat. The data presented report some unexpected observations regarding mutations to antibiotic resistance in a bacterium which has potential for genetic manipulation and commercial exploitation. The caveats described above notwithstanding, we feel that our data suggest that bacteria are able to undergo forward mutations to antibiotic resistance in the absence of mutagenic insult other than from environmental factors. Studying these genetic changes at the DNA sequence level may provide important indicators as to the precision and diversity of the mutations even though such data have not hitherto assisted in providing an explanation for genetic variation (Lenski, 1995) . The fitness of isolates frlom 'jackpot' cultures could also be compared with wild-type bacteria in reconstruction experiments in which, for example, at the beginning of an experiment the wild-type culture is sceded with mutants and growth rates compared during competition. A correct interpretation of the data would require a more complete understanding of the dynamics of a senescent culture, for example the effect of impurities in the media, outgrowth of sub-populations, cell cannibalization, local DNA topology and what is meant by a 'dead' cell (Symonds, 1989) . It is important to develop an understanding of how L. plantarurn behaves in its natural environment in general and the food chain in particular since these may involve prolonged fermentations.
